Collection and recycling of household hazardous waste (HHW) can vary due to differences in household incomes, demographics, material recyclability, and HHW collection programs. We evaluate the role of household informedness, the degree to which households have the necessary information to make utilitymaximizing decisions about the handling of their waste. Such informedness seems to be influenced by HHW public education and environmental quality information. We assess the effects of household informedness on HHW collection and recycling using public agency data, community surveys, drinking water compliance reports, and census data for California from 2004 to 2012. The results enable the calculation of the elasticity of the output quantities of HHW collected and recycled for differences in household informedness at the county level. There are three main findings: (1) provision of HHW public education has a generally positive effect on the amount of HHW collected and recycled, but may have a negative effect on HHW collected under some conditions; (2) environmental quality information about the contamination of drinking water is negatively associated with the amount of HHW collected; and (3) when information is sent directly via mail to households, an increase in the number of contaminant level violations is positively related to the amount of HHW collected. Understanding how these effects have worked in California can help waste management policy-makers and practitioners in other locations to craft effective information policies and programs to maximize household participation in HHW collection and recycling based on household informedness and demographic characteristics.
INTRODUCTION
Household hazardous waste (HHW) is defined as leftover household products that contain corrosive, toxic, ignitable, or reactive ingredients, such as paints, cleaners, oils, batteries, and pesticides (U.S. EPA 2014) . Often this waste is disposed of improperly, for example, by pouring it down a household drain, onto the ground, into storm sewers, or simply disposing of them together with the regular trash. If this happens, the waste materials can contaminate the land and infiltrate the ground water, and consequently create adverse effects on the environment and people's health (U.S. EPA 2015) . Due to these damaging effects, improving HHW management is essential.
A 2015 review of HHW management performance reported that the amount of HHW collected was only about 0.12% to 1.88% of municipal solid waste (MSW) or general trash (Inglezakis and Moustakas 2015) .
1 This amount may not include HHW that is mixed in general trash or disposed of improperly. The diversion of HHW from general trash can be enhanced through various HHW collection programs. The success of these programs depends on household participation in identifying, segregating, storing and transferring HHW to the collection system.
Besides the convenience and effectiveness of HHW collection programs, household informedness is an essential aspect that can encourage household participation. In this study, we define household informedness, a construct we first proposed in an earlier conference presentation (Lim-Wavde et al. 2016), as the degree to which households have the necessary information to make utility-maximizing decisions about the handling of their waste. We focus on household informedness for waste management, though it also is applicable in other disciplines, such as Information Systems, Marketing, Economics, Environmental Management, and Social Science. Research related to informedness has been conducted in other disciplines as well. For example, Shimshack et al. (2007) reported on consumers who received mercury advisories from the U.S. Food and Drug Administration, and then reduced their canned fish consumption. Li et al. (2014) also showed that informedness about prices and products determined the choices they made.
American Community Survey, and U.S. census data from 2004 to 2012 for our analysis. The data are observational, not survey-based. Although causal evidence is ideally generated using randomized experiments, randomization is often not feasible in social science settings such as HHW waste management. So causal effect estimates may be hard to establish.
2
Our study is based on utility maximization theory. It focuses on waste management decisions at the household level. Previous studies by Kinnaman and Fullerton (2000) and Callan and Thomas (2006) used a similar theory; they also considered disposal unit pricing levels, as discussed by Hong (1999) , however, these studies were based on cross-sectional data analysis at the community-level. Sidique et. al (2010) used county-level panel data analysis and also discussed the effects of recycling education on the general recycling rate. They also mentioned that the environmental quality which the household perceives may influence the household's utility function. However, this factor was specified as a function of the amount of waste disposed, the amount of waste recycled, and demographic characteristics. They did not consider that recycling would also be affected by the environmental quality information that a household receives from local governments and environmental agencies. Our study considers information about how violations with respect to the maximum contaminant level (MCL) in drinking water may affect HHW collection and recycling.
There are a few empirical studies about the generation of solid waste and recycling by households, particularly involving empirical analyses that have examined household waste behavior responses to trash price changes and regulation (van den Bergh 2008). Jenkins et al. (2003) analyzed the effectiveness of two waste programs -curbside pick-up and waste drop-off -on the rate of recycling of five different waste materials: glass bottles, plastic bottles, aluminum, newspaper, and yard waste. In a mail survey of California households, Saphores (2006) found that gender, education, convenience, and environmental beliefs were the key factors which influenced the willingness of households to drop off electronic waste at 2 Public education about HHW also may suffer from a possible policy-related endogeneity issue. The decision of local government to provide HHW public education may be a purposeful action to meet certain waste collection targets. From our data, we observed that grant awards used for HHW public education programs seemed to be fewer in number when the amount of HHW collected increased. For this problem, we applied an instrumental variable to see if it were possible to address this bias.
recycling centers. There also are empirical studies on the factors which affect recycling rates that leverage county-level panel data. For example, Sidique et al. (2010) found that variable pricing of waste disposal increased the rate of recycling in counties in the state of Minnesota, and Abbott et al. (2011) found that the methods chosen for recycling collection are determinants of the observed recycling rates. In addition, the proper infrastructure of recycling facilities is critical (Bartelings and Sterner 1999) .
While previous empirical studies investigated the influence of socio-economic factors, the effectiveness of waste collection programs, environmental attitudes and activism, and various waste management policies, our research evaluates the role of household informedness in the context of a special kind of waste, HHW. Household informedness is rarely discussed in the waste management literature perhaps because it is difficult to obtain data to measure the degree to which households have the necessary information to make the best decisions in managing their waste.
A few studies assessed the influence of information on recycling behavior and household recycling decisions. Martinez and Scicchitano (1998) showed that public media programs had positive effects on recycling and these effects were greater for households with higher levels of education. Nixon and Saphores (2009) found that sharing recycling information via family or friends, and at school or at work were the most effective in influencing household decisions to recycle. Largo-Wight et al. (2012) recommended educational campaigns to promote recycling behavior among college students should emphasize positive attitudes towards recycling, behavioral facilitation of recycling (e.g., convenience to recycle), the moral obligations involved, and social norms for prosocial recycling. However, these studies were mainly based on survey data and did not examine the influence of information on the amount of waste recycled.
The household informedness construct in this study emphasizes how informedness influences the outcomes that are observed, especially the amount of HHW collected and recycled.
Our research represents the first empirical study to our knowledge to measure and quantify the effect of household informedness on HHW collection and recycling using county-level waste collection data.
Our research contributes insights related to impact assessment of household informedness and the quantification of household informedness elasticity on HHW collection and recycling output.
An increase in HHW collection will lead to less hazardous waste being disposed of improperly so there is less polluted water and land, fewer health problems and lower expenses required for cleaning up a polluted environment. Recycled HHW also can bring extra revenue and substitute for scarce resources.
By examining changes in the amount of HHW collected over time due to better household informedness, policy-makers will be able to estimate the economic and environmental benefits related to their information policies and strategies. They will be able to determine their cost-benefit relationships and the accrual timing of the impacts. In this way, they can manage information program cost planning better.
Our research questions are as follows: (1) How has household informedness influenced the amount of HHW collected? We investigate whether household informedness through public education and information on the quality of their local environment had an influence on the quantity of HHW collected. (2) Did household informedness have indirect effects on HHW that was recycled? There have not been any previous studies that measured the household's role in increasing the amount of HHW which was recycled. And yet, if greater environmental informedness results from educating households to separate their HHW properly, it may make it easier for a waste management firm to process the HHW, resulting in a higher amount of HHW recycled. (3) And how can the impact of household informedness on HHW collection and recycling output be quantified? Our approach to this question is to calculate household informedness elasticity of HHW collection and recycling. 3 This form of output elasticity represents the responsiveness of a change in the amount of HHW collected to a change in household informedness. This is useful for policy-makers to gauge the responsiveness of their policies and strategies that use educational campaigns and information programs to encourage a greater amount of HHW to be collected and recycled.
To answer the above research questions for recycling within California, we developed models of HHW collection with appropriate household informedness variables and socioeconomic factors. We used this model to estimate the relationships between household informedness factors and the amount of HHW collected. We then developed a more complex model that represents the relationships between the functions for the amount of HHW recycled and HHW collected (including HHW recycled and not recycled).
By estimating a simultaneous equations model, we were able to gauge the direct effects of household informedness on the amount of HHW collected, and at the same time, the indirect effects of household informedness on the amount of HHW recycled. Finally, we used these estimates to calculate the household informedness elasticity to capture the responsiveness of HHW collection and recycling output.
THEORETICAL FRAMEWORK
Our study analyzes household informedness for decisions on handling waste at the household level, particularly HHW, based on utility maximization theory in consumption. We recognize two types: informedness via public education and informedness via environmental information.
Public education about HHW has long been a part of waste management in developed countries. For example, within California, information about HHW is provided in public education programs on recycling and hazardous waste, and typically uses ads, posters, brochures, newsletters, website information or special events to inform the public (CalRecycle 2015c). These kinds of information help households to identify the potential hazards of corrosive, toxic, reactive and ignitable materials found in common household leftovers. Such programs can indirectly decrease a household's cost of HHW collection and recycling because they can improve their informedness about the best practices for handling waste, knowhow about HHW, and access to various HHW collection and recycling programs. As HHW collection costs for household time and effort decrease, households collect and recycle more HHW. So we state:
 Hypothesis 1 (Overall Effect of Public Education on HHW Collected). HHW-related public education increases the overall amount of HHW collected.
HHW-related public education usually also can be used as a source control measure that aims to decrease the use of hazardous materials in households. It can do this through the provision of information about alternative non-hazardous materials that can replace more commonly-used, but also more hazardous products (Lund 2001 HHW public education may also have an indirect effect on the amount of HHW recycled. As households become more informed about good practices in separating, storing and preparing their HHW for pick-up, it becomes easier and cheaper for a waste management organization to process the HHW for recycling. For example, leftover paints that are kept sealed in dry areas in their original containers and labels are desirable for recycling (PaintCare 2016). They will be easier to sort and recycle than those that are not stored properly. Similarly, HHW public information often recommends that used oil should be kept in sealed, leak-proof containers and not be mixed with other liquids or debris. Following up on this advice as instructed will prevent the contamination of used oil. The contamination may make it too costly or impossible to recycle the used oil (Clean LA 2016b) . Thus, another hypothesis is appropriate:
 Hypothesis 3 (Indirect Effect of Public Education on Overall HHW Recycled). HHW-related public education indirectly increases the overall amount of HHW recycled.
Environmental quality information in the form of notifications and alerts may influence a household's perception of environmental quality and change the behavior of households. Previous studies also have shown that public notifications, information disclosures and advisories related to environmental quality have significant effects in the household's behavioral change. For example, Shimshack et al. (2007) found that the U.S. Food and Drug Administration's (FDA) mercury advisories reduced consumption of canned fish. With the economics of household utility maximization for handling waste in mind (Morris and Holthausen 1994) , and when the cost of suffering from water contamination is more than the cost of disposing HHW properly, households prefer to participate in HHW collection programs.
We use the number of maximum contaminant level (MCL) violations in drinking water to measure the environmental quality information that households obtained, and, as a result, became aware of the quality of their environment. The number of MCL violations that occur in a county in a period depends on envi-ronmental quality there; so the higher the counts, the worse the environment quality is. This occurs due to the presence of more contaminants in the drinking water. This information is provided to the household via direct mail or via public notifications. According to the California Department of Public Health (2012), when MCL standards are violated, the water systems operator must notify the affected consumers, and these notifications are widely covered by local news media. Households whose water supplies come from large water suppliers (serving more than 10,000 people) receive annual reports about their drinking water quality by direct mail. Small water suppliers (serving fewer than 10,000 people) are only required to post such information publicly. When there are MCL violations in the drinking water, households perceive the environmental quality to be low or even unacceptable for people's health.
The households that receive this information perceive environmental quality to be low. Without this information, even though the environment quality is low, the household may not be aware of it. If households consider the perceived quality of the environment in their utility maximization when handling HHW, those that experience low environmental quality will be more motivated to dispose of their HHW 
Data and Variable Description and Construction
For this discussion, the reader should refer to Table 2 with the definitions of the study variables. Reporting agency-level census data were not available; so we assumed that each agency had similar characteristics as others in the same county, thereby allowing us to match the reporting agencies with the respective county characteristics.
Proxies for household informedness. To investigate the effect of household informedness, we use data that proxy for public education and environment quality information. For the HHW public education variable, we extracted the data from the CalRecycle HHW grant database (www.calrecycle.ca.gov/ homehazwaste/Grants). This database contains the amount of grants awarded to waste facilities or agencies for HHW-related projects. We searched project descriptions for the words "public education" or "public information," and marked projects that include HHW public education. Then, we counted the projects for each county in each year. These were used to create a variable for the three-year cumulative number of projects with HHW public education to proxy for HHW-related public education. We use the three-year cumulative number of projects, based on the idea that HHW public education may have a cu- ty-level news data only covered 15 counties in California, so we estimated the news effects in counties that had no local news sources for climate change based on their proximity to those that had such sources.
We assume that news spilled over from one county to neighboring counties; the nearer ones would have a higher effect than more distant ones. So we applied an inverse distance weighting function to impute the effects of news in neighboring counties.
7 Creation of the panel dataset with the study variables. The descriptive statistics in Table 3 . To . #CCNewsIdw is the imputed number of climate change-related news articles; #CCNews is the number of climate change related news articles; c is the index for a county, c is the index for a county other than county c. d (c,c' ) is a distance function calculated between a coordinate in county c and in county c using the Haversine method, which assumes a spherical earth. We use the longitude and latitude of the county seat as the point coordinate in the county because the county seat usually is the most populous city in the county. So we use it as the population center of a county. Previous studies, such as McConnell (1965) , used the coordinates of county seats as the population centers, instead of the mathematical centroid.
produce this panel dataset, we combined the aggregate HHW collection, disposition, county characteristics, household informedness and other variables, based on the county and report cycle year.
The American Community Survey did not provide demographic characteristics data for a few counties in some years. We also could not obtain HHW data from a few counties in some years, for example, 
EMPIRICAL MODELS
We next present our empirical research strategy and methods to analyze the influence of household informedness based on the county-level data that we gathered.
Empirical Research Strategy and Methods
We estimate a model of HHW collection that is a function of appropriate household informedness variables and socioeconomic factors. We begin with a linear and separable fixed-effects model to estimate the association between household informedness and HHW collection. Then we use a two-stage least squares (2SLS) model to acquire causal estimates of informedness-driven HHW collection.
Estimating the indirect effects of household informedness on the amount of HHW recycled requires an understanding of the relationship between the linear functions for the total HHW collected and recycled. This is because these outcome variables are likely to be jointly determined, and HHW recycling may influence the amount of HHW that is not recycled. For this kind of situation, the use of a simultaneous equations model is suitable (Greene 2012 , Wooldridge 2002 ).
We develop a system of equations to represent the demand functions and estimate the effects of informedness on the amount of HHW that is collected and HHW that is recycled. The resulting system of equations model is estimated using seemingly unrelated regression (SUR), which recognizes the crosscorrelation of the equations' error terms (Zellner 1962) . This allows us to estimate these together instead of separately. Thereafter, we shift to estimate a two-stage least squares (2SLS) model with instrumental variables. Finally, we use a three-stage least squares (3SLS) model that combines SUR and instrumental variables estimation together with 2SLS. Household informedness elasticity of HHW collection and recycling output is calculated using the 3SLS estimation results.
In the extended analysis, we stratify the fixed-effects model by material category and estimate the coefficients of the model by using 2SLS for each material category. Some counties did not report waste collection for some HHW material categories in certain years, however. The decision to collect certain HHW materials by local governments may have depended on factors such as household income, education level, and grant awards provided. So we suspect there was some selection bias in the material-specific models.
To correct this bias, we re-estimate the models using Heckman's two-step method.
The modeling and estimation process is summarized in Appendix B. We next discuss the baseline model for HHW collection. We distinguish between HHW that is collected and then recycled.
Model 1: HHW Collection
We start with a baseline model in which HHW collection is a function of household informedness via public education, and environmental quality information. This model allows us to estimate the impact of informedness on HHW collection outputs. If we stratify this model by HHW material category, we can also observe different influences of informedness on certain HHW materials. The model is:
with subscripts for county c and report cycle year t.
Household informedness via public education is proxied by the three-year cumulative number of projects with a public education program (3YCum#PubEdu). Environmental quality information is proxied by two things. One is the total number of MCL violations (#MCLViol) in the county regardless of the size of the water suppliers. This variable is a proxy for the environmental quality that households perceive when they were informed about these MCL violations via direct mail, public notices, newspapers or other media. A large number of MCL violations represents lower environmental quality, and a lower number represents higher environmental quality. The other is the number of MCL violations from large water suppliers that are sent to households via direct mail (#MCLViolLg). This proxy variable represents information about the number of MCL violations delivered directly to households. We include it because MCL violation information may affect HHW collection when it is sent directly to households.
Based on previous studies, we expect that the variation in waste collection and recycling activities generally is influenced by socioeconomic factors: household income, population, density, and education level (Richardson and Havlicek 1978) . These factors cannot be controlled easily by waste management policy-makers, but are useful to predict and explain waste collection patterns, and the recycling behavior of people living in different counties. People's behavior with respect to HHW ought not to be the same as for general trash, so we use these factors as control variables to account for county variability in HHW collection.
Regarding the socioeconomic factors, we expect more educated people to be more aware of the risks of HHW and that they can easily obtain information related to HHW and environmental quality. Households with higher incomes have more time and opportunities to participate in HHW collection programs or deliver their waste to HHW facilities. Counties with more population generate more waste; and this is the same case as for general trash. On the other hand, population density may be negatively associated with the quantity of HHW collected because high population density in the county may discourage people from participating in HHW collection programs due to socioeconomic reasons that are unobservable.
We use a binary variable to indicate whether a county received grants for HHW projects (DHHWGrant) as a control. In California, HHW grants are awarded to help local waste management agencies to establish or expand HHW collection programs by conducting various projects such as to upgrade the existing HHW collection facilities, to hold free HHW collection events, to purchase new processing machines, to educate the public regarding improper disposal of HHW, and so on. These projects provide more opportunities for households to participate in HHW collection programs so the counties that receive the grants may produce a higher amount of HHW collected than the ones that do not receive them. Higher priority was given to new HHW programs in rural areas, under-served areas, and multi-jurisdictional HHW programs. Greater emphasis was also given to applicants (cities, counties, qualifying Indian tribes, and local agencies) that had not received HHW grants in the two previous cycle years.
The RUCCs distinguish the counties based on their degree of urbanization and adjacency to a metro area. (See Figure 2. ) We observe that this classification seems to matter. The average of the HHW collection amount is the highest for the base case for RUCC1, followed by RUCC2, RUCC4, RUCC3, and RUCC5. Thus, we also include this categorical variable as one of the controls in our model. 
RUCC1:
Counties in metro areas of 1 million population or more.
RUCC2:
Counties in metro areas of 250,000 to 1 million population.
RUCC3:
Counties in metro areas of fewer than 250,000 population.
RUCC4:
Urban population of 20,000+ and adjacent to metro area.
RUCC5:
Urban population of 20,000+ and not adjacent to metro area. ln(HHWCollQ): Natural log of HHW collection amount in pounds.
Model 2: HHW Collected Versus HHW Collected and Recycled
We next specify a model that recognizes the simultaneity of HHW that is collected versus HHW that is collected and recycled. The simultaneity captures a more realistic representation of the underlying process in HHW collection and recycling. Not all HHW collected is recycled; some is recycled and some is not Similarly, we believe that information on low environmental quality likely encourages HHW recycling, particularly when it is provided directly to households. So we expect to find positive effects of #MCLViolLg and #MCLViol in the HHWReqQ equation. We also included these variables in the HHWCollQ equation because a change in the HHW collected due to environmental quality information may arise from source reduction as HHW public education yields more household informedness.
We use a binary variable for the availability of HHW grant awards and socioeconomic factors (household income, population, density, and education level) as control variables in both equations. These are the same controls as in the HHW Collection Model (Model 1).
Similar to the study by Callan and Thomas (2006) , the inclusion of HHWRecQ in the HHWCollQ Equation 2 allows us to decompose the effects of the household informedness variables into direct and indirect effects through HHWRecQ. Based on the model specification, we can calculate the household informedness elasticity of HHW collection output, Elasticity, for public education as follows:
The first term in Equation 4, 2 (
, is the effect of HHW public education, as it is made available, on HHW collection, with the amount of recycled HHW held constant. It captures source reduction activity due to public information on non-hazardous household products that can replace hazardous household products. The second term is derived from the equation for HHW collection. It estimates the indirect effects of HHW public education on HHW recycled. This includes the change in the amount of HHW collected from changes in the amount of recycled due to the influence of public education. We also calculated the household informedness elasticity of HHW collection via environmental quality information, as in Equation 4.
ESTIMATION RESULTS
We next present our modeling process and estimation results for the HHW Collection Model (Model 1) with fixed-effects and 2SLS. Then we offer a discussion of the estimation results for the HHW Collected Versus HHW Collected and Recycled Model (Model 2) with 3SLS. In both estimations, the county characteristics had the same signs as expected. The estimates of EduHS%, MeanHHIncome, and Pop were positive and significant. So the higher the percentage of high school graduates, mean household income, and county population, the larger was the quantity of HHW collected. The coefficient of higher population Density in a county was negative; this shows that the higher the population density, the lower was the amount of HHW collected.
Model 1: Baseline and 2SLS Estimation Results
The counties in RUCC4 had an average about 55% (= e -0.44 -1, from the estimated fixed effect 2SLS coefficient of 0.44, p < 0.05) more than the amount of HHW collected in the counties in RUCC1 while holding the other variables constant. This is surprising because RUCC4 counties are non-metropolitan
with an urban population of 20,000 or more and are adjacent to a metropolitan area. These include Lake, Mendocino, and Nevada Counties in our panel data. Although the average amount of HHW collection in these counties was only about 1.1 million pounds per year, the amount of HHW collected per person ranged from 3.1 to 21.8 pounds/person in a year. This suggests that some counties in this area may have been actively collecting HHW, or these counties may have been collecting HHW from the residents of the neighboring counties as well. Further geospatial analysis needs to be performed to investigate this peculiarity.
Model 2: System of Equations Estimation Results
To adjust our analysis to achieve a more realistic representation of the underlying process, we developed a system of equations that included dependent variables for HHW collected and HHW recycled. Our estimation strategy was to start with seemingly unrelated regression for the multi-equation system, recognizing the commonality in the information in the error terms. 9 But this left out any consideration of the endogeneity of variables and true simultaneity in the processes. So we switched to a more realistic representation of the system involving simultaneous equations -3SLS estimation that enables us to address endogeneity with HHW collection and environmental quality information variables using an instrumental variable, #CCNewsCA, to correct for the possible endogeneity bias.
The SUR and 2SLS estimation results are shown in Appendix C, Tables C1 and C2 . The Hausman test for 3SLS consistency was 36.76 and greater than 0.05 (p = 0.06). So we concluded that the 3SLS es-9 SUR estimation only allows us to model the cross-equation error term correlations.
timates were consistent and more efficient than the 2SLS estimates. (See Table 5 for the 3SLS results.)
The coefficient estimates for county characteristics variable have the same signs in the HHWCollQ and HHWRecQ equations. These were also the same as the corresponding estimates in the fixed effect model (Model 1). The coefficient estimate for the HHW recycled variable was significant and positive at 0.50. This means that a 1% increase in the amount of HHW collected was associated with a small 0.5% increase in the amount of HHW recycled. Our interpretation is that the amount of HHW recycled increased proportionately more than the amount of HHW collected (recycled and not recycled).
The estimate for the 3YCum#PubEdu variable in Table 5 for HHWRecQ is 0.48 (p < 0.10) and it had somewhat less of its variation explained -only 39.5%. The results still suggest that the provision of one project with HHW public education in a county was associated with an indirect increase in the amount of HHW recycled by about 61.5% (= e 0.48 -1). On the other hand, the coefficient estimate for this variable in the HHWCollQ equation is -0.14 and it is significant too (p < 0.10). Plugging these coefficients into We also found that when information about an increase in the MCL violations was released at the county level, it was associated with a decrease in the amount of HHW recycled of about 0.4%. This suggested that the county could have been doing more in advance of the MCL violation information dissemination to improve HHW recycling, if only on the margin. From this, we estimate the household informedness elasticity of HHW collection output for MCL violations was -0.004 (= (-0.003 + 0.50 × -0.004) ×11/14.11), again quite small. A more interesting finding is that when such MCL violation information was sent directly to households via postal mail, this was associated with an increase of around 2% for HHW collection. We also estimate that informedness elasticity of HHW collection for environmental information related to MCL violations information via direct mail was about 0.001 (= (0.02 + 0.50 × 0) ×0.72/14.11). Note that this variable is not significant for HHWRecQ so this information may or may not increase the amount of HHW recycled. Table 6 summarizes the household informedness elasticities of HHW collection and recycling. The magnitudes of these estimated values were less than 1, so we conclude that HHW collection and recycling in California were relatively informedness-inelastic. (See Table   6 .) may not have had any effect on HHW recycling. Beyond this, the other coefficient estimates in the elas-ticity computation were significant, suggesting public education and MCL violation information mattered for collection and recycling. We include significance estimates for the informedness elasticities below. , also evaluated at the point of means. The significance level of informedness elasticity is the smallest level of significance of the coefficient estimates used to calculate it. The idea is that the aggregate significance level of the estimated predication is no greater than that of the least significant component that has an effect on the aggregate value.
EXTENDED MODEL FOR THE CATEGORIES OF HOUSEHOLD HAZARDOUS WASTE
In this section, we discuss some extended models to estimate the amount of HHW collected by HHW material category. The estimation results of these models show that the provision of HHW public education had negative effects on HHW collection outputs in some circumstances. They are related to a couple HHW material categories that represent household products which have alternatives that household consumers can buy that use non-hazardous materials. We present the estimation results for the HHW collection output stratified by material category.
HHW-related campaigns and outreach may have motivated and encouraged households to recycle their HHW and participate in HHW collection programs. However, they may also have caused waste source reduction. Model 1 did not capture the changes in the provision of HHW-related public education that led to waste source reduction. Since waste source reduction was most likely to happen for HHW materials that had non-hazardous and more efficient substitutes, we extended the analysis using Model 1 by stratifying the prior estimation model via the material categories. When the effect of HHW-related public education that led to source reduction was stronger in motivating households to recycle, we expected to see a negative coefficient for the HHW-related public education variable in the model.
We also estimated the HHW collection models for each of the HHW material categories. So we estimated the coefficients of the baseline model stratified by the material category using
Heckman's two-step estimation method. This let us resolve possible sample selection bias, as in Suwa and Usui (2007) . In the first step, we employed a probit estimation model and identified the factors that may affect a local government's decision on whether to collect waste in a specific HHW material category.
These factors include the percentage of high school graduates, mean household income, and the number of HHW grants in a county. The probit analysis results are provided in Appendix D, Table D3 . The probit analysis showed a positive and significant coefficient for mean household income related to Acid, Base, Oxidizer, and Asbestos Waste. This means that household income influenced the decisions of local waste managers as to whether they collected the HHW material; counties with higher household income had a higher probability to collect these HHW materials. The HHW grant variable (DHHWGrant) estimate was positive and significant only for Base and Asbestos Waste.
Based on this estimation, we derived the inverse Mills ratio and added it to Model 1 that explains the variance in the quantity of HHW material collected. We also used the instrumental variable #CCNewsCA in place of the endogenous HHW public education variable. The results for the fixed-effects model with
Heckman's method are provided in Appendix D, Table D2 . There was evidence of selection bias only for
Oxidizer Waste, for which the inverse Mills ratio was significant (p = 0.01). This synthetic oil extends oil-change intervals up to 25,000 miles. CalRecycle also created advertising messages that debunked the "3,000-mile myth" that car owners need to change their motor oil frequently, which was usually unnecessary according to car manufacturers (California Integrated Waste Management Board 2007). These campaigns are likely to result in decreased household consumption of motor oil.
In the Heckman method results, the estimates of 3YCum#PubEdu for Acid, Base, Oxidizer, and As-bestos Waste were also negative and significant. 10 This suggests that provision of HHW-related education had a negative association with the collection of these waste materials too. This is likely to be the result of source reduction campaigns related to specific HHW materials. A more recent example is Los Angeles County, which is now advising the public on how to reduce the generation of HHW, and offering a substitution list of non-toxic cleaning products on the county website (Clean LA 2016a) . Public information regarding Asbestos Waste in California has been disseminated since the years this study covers, through information about types of asbestos and the risks of asbestos exposure to health. Friable asbestos may contain more than 1% asbestos. Example includes acoustical ceiling (popcorn texture), pipe insulation, and blown-on insulation coating. These may cause lung diseases, such as asbestosis, mesothelioma, and lung cancer (DTSC 2003) . This kind of information may encourage households to recycle asbestos material with the help of professional asbestos removal contractors.
For drinking water quality information in the form of MCL violation counts (#MCLViol), the coefficients in the extended model with fixed effects were negative and significant for Reclaimable Waste, The coefficients for high school graduate percentage, mean household income, and population in the fixed-effects model and the model with 2SLS were positive and significant for most of the material cate- 10 The estimate of 3YCum#PubEdu for Flammable and Poisons Waste was also negative and significant. However, the  2 test of the probit model for this waste was not significant so we chose not to include the results from the Heckman method for this kind of HHW in our analysis.
gories. This suggested that these demographic factors generally had positive associations with the amount of HHW collected, regardless of the material category. The coefficients of population density were mostly not significant, except for the Electronic Waste, with -1.56 (p < 0.001) in the 2SLS estimation of the fixed-effects model. This suggested that higher population density was associated with less Electronic Waste collected.
DISCUSSION
We next discuss the main findings related to the influence of household informedness on HHW collection and recycling outputs. Table 7 summarizes our hypotheses and the test results. 
Supported under certain conditions
Positive and significant #MCLViolLg (MCL violation count information sent by direct mail) in Model 1
Our Overall Effect of Public Education on HHW Collected Hypothesis (H1) in California was only partially supported. The HHW public education variable was not significant in Model 1. This was probably because this model did not adequately capture the variability in the waste material types, the negative effects from waste source reduction efforts, and the bias from local governments' purposeful actions.
12
Nonetheless, the estimated household informedness elasticity value of HHW collection outputs for HHW public education derived from Model 2 was positive and significant at the 10% level. Although this value 12 An anonymous reviewer suggested that we should model the relationship between the probability of recycling HHW and household informedness. We modeled this using a generalized linear model (GLM) with a logit link and a quasi-binomial distribution. We used the proportion of the amount of HHW recycled relative to the HHW collected in pounds as the dependent variable. 3YCum#PubEdu was not significant so this model also may not have been able to capture the variation in the effects of the material categories. I also did not capture the negative effects from waste source reduction measures.
was calculated based on a system of equations that held the amount of HHW recycled constant, still it partially supported Hypothesis 1.
13
HHW-related campaigns and outreach also provide information about alternative non-hazardous household products and better practices that can reduce the generation of HHW. We obtained support for the Category-Specific Direct Effect of Public Education on HHW Collected Hypothesis (H2), suggesting that HHW-related public education can decrease the amount of HHW from household products with nonhazardous substitutes. Our extended analysis by material category showed that HHW-related public education was negatively associated with the amount of Reclaimable, Acid, Base, Oxidizer, and Asbestos
Waste collection. The negative association suggested that media campaigns and information related to synthetic oil use as an alternative to conventional motor oil and alternative household products without these hazardous materials had a stronger influence on households to reduce waste generation than to participate in collection programs. We also wonder if the public did not necessarily see these as true substitutes, regardless of the body of knowledge that would show that they are, and yet we see evidence of this in the motor oil example. Initially, the general recommendation was to change a car's motor oil every 3,500 miles, but now it is more widely believed that a car doesn't need its oil changed for 7,000 miles.
This may account for the drop in waste generation over time as less motor oil would have been necessary.
Due to the difference between synthetic and conventional motor oil, consumers may have been slower to switch to more costly synthetic motor oil. Thus, synthetic motor oil may be a technical substitute for conventional motor oil, but it has characteristics that make it less-than-best. This may explain our results.
These results showed that the impact of HHW-related public education was multifaceted; it seems to have had a positive effect on the amount of HHW collected, but it also may have had a negative effect in some circumstances due to source reduction measures. These countervailing effects may have been working simultaneously. Whether the positive or negative effect was stronger depended on the HHW material 13 Additionally, when we performed the analysis for the different material categories, we found a positive association between HHW-related public education and the amount of PCB-containing and Universal Waste collected. But these relationships occurred in models for which our confidence in their overall fit was quite low (to the point that we have not reported the details of the results.) So it is not appropriate, in our view, to suggest that HHW-related public education increased the participation of households in HHW collection programs for household waste in these material categories. A majority of households have Universal Waste, and a lot of public environmental education probably focused on it.
type. Some household products can be substituted easily with other products with less hazardous material; some cannot. It also depended on the maturity of the collection program. The positive effect may have been most pronounced in the early stage of the collection program and the source reduction effect may have come afterward. It may have taken less time for local governments to encourage households to deliver their waste to facilities or events than to persuade them to change the selection of their household products or to change their consumption behavior.
14 Our data analysis supported the Indirect Effect of Public Education on Overall HHW Recycled Hypothesis (H3) that HHW-related public education had some influence on the overall amount of HHW recycled. We used a system of equations to model HHW collection and recycling simultaneously to estimate the indirect effect of HHW-related public education on the amount of HHW recycled despite the unobserved source reduction practices. This result indicated the importance of HHW-related public education in maximizing the proportion of recycled HHW from the total amount of waste collected in HHW collection programs.
There was some support for the Effect of Environmental Quality Information on Overall HHW Collected Hypothesis (H4) but only under limited conditions. This hypothesis is about the effect of information on low environmental quality in a county. We found that the MCL violation information had a positive association with the amount of HHW collected, but only when it was delivered to households via direct mail. Surprisingly, we found that when people perceived the drinking water quality to be low, the lower was the amount of HHW collected in the county -at least in models without time lags. This suggested that the direct channel for environmental quality information may have had more impact on household environmental awareness than the indirect channels, such as public notices and newspapers.
Simply relying on public media to convey the information may not be as effective as delivering the information through a more direct and interpersonal channel in influencing public behavior though (Nixon and Saphores 2009). And there is also the possibility that there are lag effects from the time of awareness to actions to recycle and improve environmental quality. Our research design did not consider this.
Also, the effect of the MCL violation information depended on the number of violations; we found that there was more of an impact on HHW collection and recycling outputs when the violation count changed greatly.
The findings related to the impact of household informedness on HHW collection may have varied not only due to the waste material category but also due to other unobservable factors, such as the diversity of California's population. The state has long been viewed as ungovernable due to its size and diversity. Over 200 initiatives to sub-divide California into smaller states have been launched, and these initiatives began soon after the state entered the union. A new initiative was launched in 2016 to subdivide California into nine different states. The spillover effect of informedness from one county to its neighbors is another factor that is difficult to observe. We will investigate these issues in future research by creating a geospatial and geotemporal research design.
In addition to the findings related to household informedness, we learned that the socioeconomic characteristics of the counties in California were an important determinant of the HHW collection and recycling outputs. Our model estimates showed that education level, household income level, and population were positively associated with HHW collection and recycling outputs, as we expected. On the other hand, our model estimates showed a negative association between population density, and HHW collection and recycling outputs, respectively. This is also not surprising though because households in high population density areas may have more opportunities to dispose of HHW illegally. So they may have been less motivated to participate in HHW collection programs.
We also calculated the household informedness elasticity of HHW collection and recycling output.
Analogous to price elasticity of demand, informedness elasticity is useful to gauge the responsiveness of households in terms of HHW collection and recycling outputs as more educational and environmental information becomes available to them. This can help local governments and waste managers to assess how much more effort or costs need to be invested in improving household informedness related to HHW and the environment to achieve the most household participation and desirable output in collection programs.
The household informedness elasticity of HHW collection outputs from HHW-related public education consists of two components: the direct effects of HHW-related public education on HHW collection outputs (holding the amount of HHW recycled constant) and the indirect effects on HHW recycling output. By holding the amount of HHW recycled constant, we attempted to isolate the effects from source reduction. Although there was uncertainty in the elasticity estimates, we found a higher estimate for the positive effect of HHW-related public education on HHW recycling compared with HHW collection. This confirmed our conjecture about the negative effect from waste source reduction activities related to HHW collection. This also implied that measuring the effect of HHW public education based on the amount of HHW collected only -without considering the source reduction effect -may underestimate the impact. 
CONCLUSION
We assessed the role of household informedness in the collection and recycling of HHW outputs using econometric analysis. We also evaluated the effectiveness of HHW-related public education and environmental quality information in influencing households to participate in collection programs, and to improve their pro-environmental behavior by decreasing their generation of HHW. After estimating the ef- We demonstrated the transformation of data collected from various public sources into policy analytics findings that give insight into the mechanism for the impact of household informedness in waste management, particularly HHW. By understanding this mechanism, local governments and waste managers can devise effective strategies and policies related to public information that promote pro-environmental behavior and encourage households to manage their waste better. Implementing these strategies will enhance participation in delivering their existing HHW and mitigating the generation of new HHW.
The empirical models we used in this research were useful to capture the relationships between household informedness and the quantity of HHW collected. We note the limitations with the linearity assumption of the estimation models and the measurement approach that we adopted for the estimation of the impacts of informedness. We may be able to improve the estimation models by adding non-linear relationships in future research, but all signs suggest that we will need more data to make this worthwhile.
We measured the extent to which the informedness level was influenced by HHW public education with the number of 3-year cumulative projects with an educational campaign on HHW. It is likely that the quality of any individual educational program may differ from another, but we expect that, on average, there will still be a similar influence. With better data, we can estimate their effects more accurately.
Although we included estimates of household informedness impacts on HHW collection by material category, we did not perform a detailed analysis for each of the specific HHW materials. Each HHW material category may have different educational campaigns, hazardous risks, and regulations. So our estimates of the impacts of household informedness may be more applicable to HHW in general, but may not be as effective for a specific material category model-wise, such as PCB-containing and Universal Waste.
Further, our models can be refined and expanded to develop even more targeted policy analytics for waste management that involves households, local governments, and other stakeholders. But, unmistakably, this research highlights the challenges facing policy-makers in creating programs that improve waste management and recycling. This research contributed a novel approach to quantifying the impact of household informedness in a way that may be useful for policy-makers in assessing the costs and benefit of their educational campaigns and information programs related to HHW at the county level. This kind of assessment will help state-level waste managers and governments in planning the appropriate information policies and strategies to increase household informedness for collecting more HHW generated by households and reduce this waste as much as possible at its source. This will prevent HHW from contaminating our land and water, so that we all can enjoy living in a healthy and sustainable environment that is free from hazardous waste. 
APPENDIX A. METRO AND NON-METRO COUNTIES IN CALIFORNIA

